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Edited by Hans EklundAbstract PML5 is a functional derivative of a family I.3 lipase
from Pseudomonas sp. MIS38 and contains ﬁve repeats of a
nine-residue sequence motif. Two aspartate residues within the
second and third repetitive sequences of PML5 were replaced
by Ala. The secretion level, intracellular accumulation level,
and stability of the resultant mutant protein were greatly reduced
as compared to those of PML5. In addition, this mutant protein
was inactive and did not bind Ca2+ ion. We propose that the
repetitive sequences of PML5 form a b-roll structure in the cells
and thereby contribute to the intracellular stability and secretion
eﬃciency of the protein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Pseudomonas sp. MIS38 lipase (PML) is a member of the
family I.3 lipase [1]. Family I.3 lipases are distinguished from
other lipases not only by their amino acid sequences, but also
by their secretion mechanism [2]. They are secreted by the type
I secretion system (also termed as ABC transporter). This sys-
tem consists of three protein subunits, which form a channel
protruding the inner and outer membranes of Gram-negative
bacteria, and permits proteins to translocate directly from
the cytoplasm to the external medium by a single energy-
coupled step [3]. Proteins secreted by type I secretion system,
such as Escherichia coli hemolysin A (HlyA) [4], Erwinia chry-
santhemi protease C (PrtCEC) [5], alkaline protease from an
Antarctic Pseudomonas species (PAP) [6], Pseudomonas aeru-
ginosa alkaline protease (AprAPA) [7], and Serratia marcescens
metalloprotease (PrtASM) [8], contain several repeats of a nine-
residue sequence motif, GGxGxDxux (x, any amino acid; u,Abbreviations: PML, Pseudomonas sp. MIS38 lipase; PML5, derivative
of PML lacking residues 406–543; CD, circular dichroism; ITC,
isothermal titration calorimetry
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doi:10.1016/j.febslet.2005.07.041hydrophobic amino acid) at the C-terminal region. According
to the crystal structures of these proteins, these repetitive
sequences form a b-roll structure, in which several Ca2+ ions
internally bind [6,8–12].
PML is composed of 617 amino acid residues. This protein
has been shown to be secreted from the E. coli DH5 cells by
co-expressing the genes encoding type 1 secretion system from
S. marcescens and PML [13]. PML contains two sequence
motifs, which have so far been proposed to function as a secre-
tion signal [14,15], within the last 19 residues. In fact, deletion
of the last 19 residues results in a complete abolition of the
competence of PML for secretion [13]. In addition, PML con-
tains 12 repetitive sequences at the C-terminal region (residues
373–558), which are not consecutive but are interrupted by a
large peptide insertion. The role of these repetitive sequences
remains to be fully understood. It has been suggested for other
proteins that repetitive sequences are required as a spacer to
provide a distance between the C-terminal secretion signal
and the rest of the peptide chain so that the secretion signal
can be recognized by the transporter [16–18]. It has also been
suggested that repetitive sequences are not required for secre-
tion but are needed to make protein conformation functional
[19,20]. The repetitive sequences of PML may play a similar
role, because deletion of all 12 repetitive sequences does not
completely but signiﬁcantly prevent the secretion of PML,
and almost fully inactivates it [13]. In addition, these repetitive
sequences have been shown to be important for intracellular
protein stability [13]. However, it remains to be determined
whether the repetitive sequences contribute to increase the
secretion level and stability of the protein by forming a b-roll
structure. Therefore, it would be informative to examine
whether the mutations within the repetitive sequences, which
impair the formation of a b-roll structure yet maintain the
length of the peptide chain, aﬀect the secretion level and stabi-
lity of PML.
We have previously shown that the number of the repeti-
tive sequences of PML can be reduced to ﬁve without seri-
ously aﬀecting the enzymatic activity and secretion level
[13]. The resultant PML derivative, in which the residues
406–543 are deleted, is termed PML5. In this report, we
constructed the mutant protein A387/A396-PML5, in which
two aspartate residues located within the second (Asp387)
and third (Asp396) repeats of PML5 are replaced by Ala
and compared its activity, secretion level, and stability with
those of PML5. Based on the results, we discuss a role of
the repetitive sequences of PML5.blished by Elsevier B.V. All rights reserved.
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2.1. Cells and plasmids
The E. coli strains used were DH5 [F, hsdR17ðrK;mþKÞ, recA1,
endA1, deoR, thi-1, supE44, gyrA96, relA1] and HMS174(DE3)pLysS
[F, recA1, hsdRðrK;mþKÞ, RifR (DE3) pLysS(Cmr)]. Plasmid pYBC-
D20 harboring the lipBCD gene from S. marcescens SM8000 [21]
was kindly donated by K. Omori. Plasmids pUC-PML5 and pET-
PML5 for secretion and overproduction of PML5, respectively [13],
were previously constructed. Plasmid pUC18 was from Toyobo Co.,
Ltd. and pET-25b(+) was from Novagen.Fig. 1. A b-roll structure. The crystal structure of AprAPA (residues
332–378) is drawn with the program RasMol (PDB code: 1AKL). N
and C represent the N and C termini of this structure. The b-strands
are shown by arrows and the Ca2+ ions bound internally in this
structure are represented by spheres with van der Waals radii.2.2. Site-directed mutagenesis
The 5 0-terminal half of the PML5 gene was ampliﬁed by PCR using
primer 1 (forward) and mutagenic primer 2 (reverse) using pUC-PML5
as a template. Likewise, the 3 0-terminal half of the PML5 gene was
ampliﬁed by PCR using mutagenic primer 3 (forward) and primer 4
(reverse). The sequences of these primers are 5 0- GCCCGGAATTCA-
TATGGGTGTGTATGACTA-3 0 (primer 1), 5 0-GCCGGCGCGAC-
CTTCGAGGTAGGCGTTGCCGTCGCCGCCCTG-3 0 (primer 2),
5 0-CTCGAAGGTCGCGCCGGCAATGCCACTTTCCGTGACGG-
3TGG-3 0 (primer 3), and 5 0-CTTCTAAGCTTTCAGGCGATCACA-
ATTC-3 0 (primer 4), where the restriction sites are underlined (EcoRI
and NdeI for primer 1 and HindIII for primer 4). These PCR products
were used as templates to amplify the DNA fragment containing the
gene encoding the mutant protein A387/A396-PML5 by overlap
PCR with primers 1 and 4. The resultant DNA fragment was digested
with EcoRI and HindIII and ligated into the EcoRI and HindIII sites
of pUC18 to generate pUC-A387/A396-PML5, or digested with NdeI
and HindIII and ligated into the NdeI and HindIII sites of pET-25b(+)
to generate pET-A387/A396-PML5.
PCR was performed in 35 cycles using a thermal cycler (Gene-Amp
PCR System 2400, Perkin–Elmer) and KOD polymerase (Toyobo Co.,
Ltd.). The nucleotide sequence of the gene encoding mutant protein
was conﬁrmed with an ABI PRISM 310 Genetic Analyzer (Perkin–
Elmer).
2.3. Protein secretion
E. coli DH5 cells were ﬁrst transformed with plasmid pYBCD20 and
then with pUC-PML5 or pUC-A387/A396-PML5. The resultant
recombinant cells were grown in LB medium containing 50 lg/ml
ampicillin and 30 lg/ml chloramphenicol at 30 C for 24 h with
constant shaking. The culture was then centrifuged at 15000 · g for
10 min at 4 C to separate the cells and supernatant. The proteins accu-
mulated inside the cells and secreted to the external medium were
analyzed by 15% SDS–PAGE [22]. The amount of the protein was
estimated from the intensity of the band visualized with Coomassie
brilliant blue staining or Western blotting. Western blotting was per-
formed as described previously [13] using polyclonal antibody from
rabbit, raised against PML. Signals were detected with horseradish
peroxidase-conjugated anti-rabbit IgG from goat (Wako Pure Chemi-
cals Industries, Ltd.).
2.4. Overproduction and puriﬁcation
E. coliHMS174(DE3)pLysS cells were transformed with pET-PML5
or pET-A387/A396-PML5 and grown in LB medium containing 50
lg/ml ampicillin. Overproduction of the protein in inclusion bodies
and puriﬁcation of the refolded protein were carried out as previously
described for PML [1], except that the protein was refolded by diluting
the protein solution with 10 times volume of 50 mM Tris–HCl (pH 8.0)
containing 1 M arginine and 10% glycerol.
2.5. Enzymatic activity
The enzymatic activity was determined in 25 mM Tris–HCl (pH 7.5)
containing 10 mM CaCl2 at 30 C using olive oil as a substrate as
previously described [1]. One unit of enzymatic activity is deﬁned as
the amount of enzyme that liberated 1 lmol of fatty acid per min.
The speciﬁc activity was deﬁned as the enzymatic activity per mg of
protein. Protein concentrations were determined from UV absorption
at 280 nm on the basis that the absorbance of a 0.1% solution (1 mg/
ml) is 1.2 for PML5 and A387/A396-PML5. This value was calculated
using 1576 M1 cm1 for Tyr and 5225 M1 cm1 for Trp at 280 nm
[23].2.6. Circular dichroism
The far-UV (200–260 nm) and near-UV (260–320 nm) circular
dichroism (CD) spectra of the protein were measured in 50 mM
Tris–HCl (pH 8.0) containing 10% glycerol in the presence of absence
of 10 mM CaCl2 at 25 C on a J-725 automatic spectropolarimeter
(Japan Spectroscopic Co., Ltd.). The protein concentration and optical
path length were 0.1 mg/ml and 2 mm for far-UV and 0.8 mg/ml and
1 cm for near-UV CD spectra, respectively. The mean residue ellipti-
city [h], which has the units of deg cm2 dmol1 was calculated by using
an average amino acid molecular weight of 110.
2.7. Isothermal titration calorimetry
Isothermal titration calorimetry (ITC)measurements were performed
on a VP-Microcalorimeter (MicroCal Inc.) as described previously [24].
The protein was extensively dialyzed against 20 mMTris–HCl (pH 8.0).
The ligand (CaCl2) was dissolved in the same buﬀer. Both solutions were
ﬁltered through a 0.22 lm-cut-oﬀ ﬁlter. ITC experiment involved a
series of 5 ll injections into the reaction cell (1.43 ml) with an interval
of 240 s. All experiments were carried out at 25 C. Protein and ligand
concentrations were 0.1 and 8.4 mM, respectively.3. Results
3.1. Mutant design
In a b-roll structure, the main chain is rolled with every two
repetitive sequences (Fig. 1). The ﬁrst six residues of each
repetitive sequence form a loop and the last three residues form
a b-strand. Each Ca2+ ion binds between a pair of these loops,
such that each carboxyl group of the aspartate residue within
the repetitive sequence bridges a pair of the Ca2+ ions. The
electrostatic interaction between Ca2+ and the carboxyl group
may not be absolutely required, because the aspartate residue
within the repetitive sequence is not fully conserved but is
occasionally changed to Asn. Therefore, coordination of the
Ca2+ ion with Asp or Asn is probably responsible for the
formation of a b-roll structure. The repetitive sequences would
not form a b-roll structure, if the aspartate or asparagine
residues within the repetitive sequences were replaced by other
residues.
We chose PML5 as a parent protein for mutational studies.
This protein contains only ﬁve repetitive sequences but can be
secreted via Lip system with comparative eﬃciency with PML
and shares similar enzymatic properties with PML [13]. The
C. Angkawidjaja et al. / FEBS Letters 579 (2005) 4707–4712 4709primary structure of PML5 is schematically shown in Fig. 2.
Because the minimal number of the repetitive sequences
required for formation of a b-roll structure has been reported
to be ﬁve [13], even a single mutation of the aspartate residue
within the repetitive sequences of PML5 is suﬃcient to hinder
b-roll formation. Therefore, we constructed the double mutant
protein A387/A396-PML5, in which Asp387 and Asp396 of
PML5 are replaced by Ala. These residues are located within
the second and third repetitive sequences. Ala was chosen as
a substituent to minimize possible conformation change
caused by the mutation.
3.2. Secretion
Secretion of A387/A396-PML5 was examined by using
E. coli DH5 cells carrying the Lip system. Like PML5, larger
portion of A387/A396-PML5 was secreted to the external
medium than was accumulated intracellularly (Fig. 3).
However, both the amount of A387/A396-PML5 secreted to
the external medium and that accumulated intracellularly were
greatly reduced as compared to those of PML5. The secretion
levels of PML5 and A387/A396-PML5 were approximately 25
and 5 mg/l culture, and their intracellular accumulation levels
were 5 and <1 mg/l culture, respectively.Fig. 2. Schematic representation of the primary structures of PML5.
Numbers represent the positions of the amino acid residues starting
from the initial methionine residue. A nine-residue GGxGxDxux
sequence motif repeated ﬁve times at 373–419 is indicated by an arrow.
Two putative secretion signals located at the extreme C-terminus are
underlined. Two aspartate residues, which were mutated to Ala in this
study, are denoted by asterisks (*). The serine, aspartate, and histidine
residues that form a catalytic triad [32] are also shown.
Fig. 3. Analysis of the proteins secreted to the external medium and
accumulated in the cells by SDS–PAGE. The culture supernatant (A)
and the whole cell extract (B,C) of the E. coli DH5 cells carrying
plasmids pYBCD20 and pUC18 (lane 1), pUC-PML5 (lane 2), or
pUC-A387/A396-PML5 (lane 3) were subjected to 15% SDS–PAGE.
Either 0.2A660 equivalents (culture supernatant) or 0.025A660 equiva-
lents (whole cell extract) were loaded in each lane. The gels were
stained with Coomassie brilliant blue (A,B) or immunoblotting
analysis (C). M, low molecular weight marker kit (Amersham
Pharmacia Biotech).3.3. Overproduction and puriﬁcation
A387/A396-PML5 and PML5 were overproduced in E. coli
HMS174(DE3)pLysS transformed with pET-25b(+) deriva-
tives in inclusion bodies, solubilized and puriﬁed in the pres-
ence of urea, and refolded. It has previously been shown that
PML assumes a functional conformation in the presence of
Ca2+, regardless of whether it is refolded in the presence or
absence of Ca2+. Therefore, A387/A396-PML5 and PML5
were refolded in the absence of Ca2+. The production level
was 50 mg/l culture and the amount of the protein puriﬁed
from one liter culture was 30 mg for both proteins. The purity
of the protein was conﬁrmed by 15% SDS–PAGE (data not
shown). Gel ﬁltration chromatography suggests that A387/
A396-PML5 and PML5 exist in a monomeric form.
A387/A396-PML5 could be puriﬁed from the culture super-
natant, to which it was secreted using E. coli DH5 cells carry-
ing the Lip system. However, the concentration of the protein
is too low to purify it by ordinary procedures. Precipitation of
the protein with ammonium sulfate, ethanol, or acetone was
not eﬀective in concentrating it, because the protein was not
solubilized in a native form once it was precipitated.
3.4. Enzymatic activity
The enzymatic activity of A387/A396-PML5 was analyzed at
30 C using olive oil as a substrate. However, little activity was
detected even when the amount of this protein added to the
assay solution was increased by 30 times as compared to that
of PML5. The speciﬁc activity of this protein was calculated
to be <20 units/mg. Because the speciﬁc activity of PML5 was
determined to be 4400 ± 100 units/mg, A387/A396-PML5 exhi-
bited less than 0.5% of the activity of PML5. This result indi-
cates that the double mutation almost fully inactivates the
enzyme.
3.5. CD spectra
The far-UV and near-UV CD spectra of A387/A396-PML5
were similar to those of PML5 in the absence of Ca2+, indicat-
ing that the mutations do not seriously aﬀect the protein struc-
ture (Fig. 4). The far-UV CD spectra of both proteins were
slightly but equally changed in the presence of Ca2+
(Fig. 4A), indicating the structures of these proteins are
slightly changed upon binding of Ca2+. However, similar spec-
tral changes were observed for both proteins in the presence of
other metal ions including Mg2+ (data not shown), indicating
that these structural changes are not speciﬁcally induced by
Ca2+.
The near-UV CD spectrum of A387/A396-PML5 was not
seriously changed in the presence of Ca2+, while that of
PML5 was changed in the presence of Ca2+ (Fig. 4B), suggest-
ing that local conformations around the aromatic residues of
PML5 are changed upon binding of Ca2+, while those of
A387/A396-PML5 do not. This spectral change was not obser-
ved in the presence of other metal ions including Mg2+ (data
not shown), indicating that this structural change is speciﬁcally
induced by Ca2+.
3.6. Susceptibility to chymotryptic digestion
In order to compare the stability of A387/A396-PML5
against proteolytic degradation with that of PML5, these pro-
teins were incubated with chymotrypsin at 25 C in 10 mM
Tris–HCl (pH 8.0) in the presence of absence of 10 mM CaCl2
at an enzyme/substrate ratio of 1/500 (w/w) and subjected to
Fig. 5. Susceptibility of PML5 and A387/A396-PML5 to chymotryptic
degradation. The proteins were digested with chymotrypsin at 25 C
for 1–15 min in 10 mM Tris–HCl (pH 8.0) in the presence (A) or
absence (B) of 10 mM CaCl2 at an enzyme/substrate ratio of 1:500 (by
weight) and subjected to 15% SDS–PAGE. The gel was stained with
Coomassie brilliant blue.
Fig. 4. CD spectra. The far-UV (A) and near-UV (B) CD spectra of
PML5 (thin line) and A387/A396-PML5 (thick line) in the absence
(broken line) and presence (solid line) of 10 mM CaCl2 are shown.
These spectra were measured as described under Section 2.
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Ca2+, PML5 was highly resistant to chymotryptic digestion for
up to 15 min, while A387/A396-PML5 was highly sensitive to
chymotryptic digestion and almost completely degraded by
chymotrypsin within 15 min (Fig. 5A). In contrast, in the
absence of Ca2+, both proteins were highly sensitive to chymo-
tryptic digestion and almost completely degraded by chymo-
trypsin within 10 min (Fig. 5B). Both proteins were also
highly sensitive to chymotryptic digestion in the presence of
10 mM MgCl2 (data not shown). These results indicate that
A387/A396-PML5 is highly sensitive to chymotryptic digestion
even in the presence of Ca2+, while PML5, which is as sensitive
as A387/A396-PML5 to chymotryptic digestion in the absence
of Ca2+ or presence of other metal ions, is highly resistant to
chymotryptic digestion in the presence of Ca2+. The cleavage
sites of A387/A396-PML5 by chymotrypsin remained to be
determined. However, the major degradation products are
smaller than the N-terminal catalytic domain and larger than
the C-terminal domain in size, indicating that the major clea-
vage sites are located within the N-terminal domain.3.7. Calorimetric titration with Ca2+
Bindings of the Ca2+ ion(s) to PML5 and A387/A396-PML5
were analyzed by isothermal titration calorimetry (ITC). ITC
experiments were performed by injecting the solution contain-
ing Ca2+ into a sample chamber, which contained the protein
solution. Heat changes upon Ca2+ binding were not observed
for A387/A396-PML5, but observed for PML5, indicating that
the Ca2+ ion does not bind to the mutant protein (Fig. 6). The
binding of the Ca2+ ion(s) to PML5 was not kinetically
analyzed, because it has been shown that the Ca2+ ions bind
to PML5 irreversibly and keep binding even after extensive
dialysis against the Ca2+-free buﬀer [13]. The number of the
Ca2+ ions bound to PML5 was previously determined to be
5.0 ± 0.2 by atomic absorption spectrometry.4. Discussion
4.1. Signiﬁcance of the repetitive sequences for functional
conformation
No structural information is available for family I.3 lipases.
However, according to the crystal structure of a typical b-roll
structure, ﬁve repeats of a nine-residue sequence motif form a
b-roll structure to which ﬁve Ca2+ ions bind (Fig. 1) [9,10].
Fig. 6. Titration of the protein with Ca2+. The raw isothermal titration
calorimetry data of the buﬀer alone (A), A387/A396-PML5 (B), and
PML5 (C) are shown.
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shown to bind ﬁve Ca2+ ions [13]. In addition, the C-terminal
domain of PML, which contains 12 repetitive sequences, has
been shown to be unfolded in the absence of Ca2+ and its
folding is induced by Ca2+ binding [25]. The number of the
Ca2+ ions bound to PML has been determined to be 11–12.
Furthermore, Ca2+-induced conformational change was detec-
ted by near-UV CD spectra (Fig. 4B) and limited proteolysis
analysis (Fig. 5) for PML5, but not for A387/A396-PML5.
These results strongly suggest that the repetitive sequences in
PML5 form a b-roll structure upon Ca2+ binding. This confor-
mational change was not detected by far-UV CD spectra,
probably because an increase in the secondary structure
content upon formation of a b-roll structure is only marginal
for PML5. Ca2+-induced conformational change has been
detected by far-UV CD spectra for PML [25], hemolysin
[26], and adenylate cyclase [27]. However these proteins
contain more than 12 repetitive sequences and therefore the
overall secondary structures of the proteins may be signiﬁ-
cantly changed upon formation of a b-roll structure.
A387/A396-PML5 lost the enzymatic activity almost
completely. This result is consistent with the previous one that
the deletion mutants of PML lost the activity when the number
of the repetitive sequences in the mutant protein was reduced
below ﬁve [13]. All of these deletion mutants and A387/
A396-PML5 equally lose the ability to bind Ca2+ ions. It has
previously been shown that PML requires a single Ca2+ ion
for activity and its dissociation constant is 0.13 mM [25]. This
catalytically essential Ca2+ ion may bind to or in the vicinity of
the active site of PML, like the Zn2+ ion of metalloproteases
[9,10]. Analysis of the dependence of the PML5 activity on
the CaCl2 concentration indicated that PML5 also requires a
single Ca2+ ion for activity and its dissociation constant is
0.37 mM (C. Angkawidjaja, personal communication). The
observation that no Ca2+ ions bind to A387/A396-PML5
indicates that the binding site of the catalytically essential
Ca2+ ion is formed only when a b-roll structure is formed. In
addition, the stability of the N-terminal domain against
chymotryptic degradation greatly increases upon formation
of a b-roll structure. These results strongly suggest that forma-
tion of a b-roll structure is required to make the conformation
of the N-terminal catalytic domain functional.A similar result was obtained for AprAPA [28]. Replacement
of the single aspartate residue within the repetitive sequence
located in the central core of the b-roll structure almost fully
inactivates the enzyme. According to the crystal structure of
AprAPA, the N-terminal helical region that extends far beyond
the proteolytic domain makes a contact with the C-terminal
region of the protein [10,11]. In this structure, the b-roll struc-
ture seems to act as a ‘‘spring coil’’ to shorten the elongated
structure of the protein so that the interaction between the
N-terminal helical region and the C-terminal region can occur.
In fact, recent structural analysis of a fusion protein with a
b-roll motif by electron microscopy indicates that the distance
between theN- and C-terminal domains is greatly reduced upon
formation of a b-roll structure [29]. An interaction similar to
that observed in AprAPA may exist between the N-terminal
catalytic domain and the C-terminal domain of PML.
4.2. Possible intracellular formation of a b-roll structure
In this study, we showed that both the extracellular and
intracellular amounts of A387/A396-PML5 were greatly
reduced as compared to those of PML5. These results suggest
that the secretion rate of A387/A396-PML5 is greatly reduced
as compared to that of PML5 and A387/A396-PML5 accumu-
lated in the cells is more rapidly degraded by intracellular
proteases than PML5. It seems unlikely that the expression
level of the gene encoding A387/A396-PML5 is greatly reduced
as compared to that encoding PML5, because both genes were
expressed with comparable eﬃciencies when the pET system
was used.
PML5 and A387/A396-PML5 diﬀer in their abilities to form
a b-roll structure. PML5 can form this structure upon Ca2+
binding, while A387/A396-PML5 cannot. In addition, PML5
is as sensitive as A387/A396-PML to chymotryptic digestion
unless its b-roll structure is formed. These results suggest that
the repetitive sequences are required to increase the secretion
eﬃciency and protein stability against the proteolytic degrada-
tion by forming a b-roll structure in the cells. The repetitive
sequences have been suggested to be required to separate the
C-terminal secretion signal from the protein to facilitate the
recognition of this signal by type I secretion system [16–18].
The repetitive sequences may be ideal for this structural
arrangement, because they are folded into an ordered struc-
ture, which is highly resistant to proteolytic degradation and
can pass through the channel formed by type 1 secretion
system. According to the crystal structures of AprAPA
[10,11] and PrtASM [8,9], the diameter of a b-roll structure is
approximately 29A˚. The internal diameter of TolC, which is
a representative model for the outer membrane protein of type
I secretion system, is approximately 30–35 A˚ [31]. This size
seems to be large enough to permit translocation of proteins
with a b-roll structure through TolC or its homologue.
The intracellular Ca2+ concentration, however, seems to be
too low to facilitate the formation of a b-roll structure, because
the intracellular concentration of the free Ca2+ ion has been
reported to be roughly 0.6 lM [30]. Previous studies indicated
that the apparent binding constant of the Ca2+ ion to the b-roll
structure is in the order of 0.1 mM [26,27], which is approxi-
mately three orders of magnitude higher than the intracellular
concentration of the free Ca2+ ion. We have also reported for
PML that the CaCl2 concentration required for the formation
of a b-roll structure is 5 lM [25], which is still 10 times higher
than the intracellular Ca2+ concentration. Therefore, unknown
4712 C. Angkawidjaja et al. / FEBS Letters 579 (2005) 4707–4712cellular machinery may exist, which facilitates binding of the
Ca2+ ions to the repetitive sequences. Alternatively, the repet-
itive sequences may contribute to the intracellular stability of
the protein without forming a b-roll structure. Limited prote-
olysis analysis indicated that PML5 with a partially folded
structure, in which a b-roll structure is not formed, is as sensi-
tive as A387/A396-PML5 to the chymotryptic digestion.
However, this result may not reﬂect the diﬀerence in the intra-
cellular stabilities of these proteins.
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